Introduction
Highly radioactive liquid waste (HRLW), which arises from the reprocessing of spent nuclear fuel at the Tokai Reprocessing Plant (TRP), contains small amounts of Pu together with fission products. Since the 1990s, the International Atomic Energy Agency (IAEA) has attached great importance to strict safeguarding for such radioactive waste from the standpoint of the non-proliferation of nuclear materials, and minor Pu in HRLW has been recognized as one of the important objects for nuclear inspection. For the determination of Pu in the HRLW, isotope dilution mass spectrometry (IDMS) [1] [2] [3] [4] [5] [6] and alpha-ray spectrometry 7, 8 have been applied to inspection analyses at TRP. In general, IDMS is a very well-established technique and is the most reliable analytical method for accountability measurements of nuclear materials in spent-fuel reprocessing plants. Therefore, IDMS has been applied to accountability analysis for the determination of U and Pu dissolved in main streams of reprocessing plants for a long time, although it requires valuable reference materials, expensive equipment and talented analysts. On the other hand, alpha-ray spectrometry is very popular and widely used in radiometric analyses. However, such traditional methods involve a tedious procedure and require highly skilled operators in order to separate the analyte from complicated matrices. Also, the prepared samples for nuclear inspection by IDMS have to be transported to the IAEA's safeguards analytical laboratory for independent measurements by their own analytical equipment; it takes a few months to obtain analytical results. Thus, it was required to develop simple and rapid techniques for the determination of Pu in HRLW. Spectrophotometry in combination with the internal standardization technique is one of the options to fulfill these requirements.
The present paper describes a rapid inspection analysis of Pu in HRLW by a conventional spectrophotometer using Nd(III) as an internal standard to achieve on-site measurements by IAEA. The method is based on spectrophotometric measurements of Pu(VI), showing maximum absorbance at 830 nm, which facilitates determining the total concentration of Pu, owing to the sharp absorption peak and relatively larger molar absorptivity (e.g. more than 500 M −1 cm −1 ). For the determination of Pu(VI), an internal standard of Nd(III) having maximum absorbance at 795 nm, where there is less interfering absorption of other species, including Pu(VI), is chosen and is simultaneously measured as a more reliable indication for quantitative analysis. In this method, a Nd(III) standard is intended to be provided by IAEA, so that an inspector can independently control it not only as an internal standard, but also as an authentication purpose for the analytical scheme. The proposed method has been successfully employed for the determination of Pu in HRLW at TRP.
Principle
Plutonium ions in acidic aqueous solution exist in the (III), (IV) and (VI) oxidation states. 9 The Pu(VI) state in HNO3, in particular, is often used for the spectrophotometric determination of Pu by taking advantage of the sharp absorption peak at a wavelength of 830 nm, of the large molar absorptivity compared with Pu(III) and Pu(IV), and of the fewer interfering elements. [9] [10] [11] In this work, Pu is quantitatively oxidized to Pu(VI) by the addition of Ce(IV), 11 and the Pu concentration in the HRLW sample is determined with spectrophotometry using Nd(III) as an internal standard. Thus, the absorption spectra of Pu(VI) and Nd(III) are characterized by their maxima at 830 and 795 nm, respectively. The Pu concentration in HRLW can be calculated A simple and rapid spectrophotometric method has been developed for the determination of Pu in highly radioactive liquid waste. This method uses Nd(III) as an internal standard, which enables us to determine the concentration of Pu and to authenticate the whole analytical scheme as well. A Nd(III) standard mixed with a sample solution and Pu was quantitatively oxidized to Pu(VI) with Ce(IV) in a nitric acid medium, having the maximum absorbance at 830 nm. A spectrophotometric measurement of Pu(VI) was subsequently performed to determine the concentration compared with the maximum absorbance of Nd(III) at 795 nm. It was estimated that the relative expanded uncertainty for a real sample is less than 10%. The limit of detection was calculated to be 1.8 mg/L (3σ). The proposed method was also validated through comparison experiments with isotope dilution mass spectrometry, and was successfully applied to analysis for nuclear waste management at spent nuclear fuel reprocessing plants. 
where A is the observed absorbance, X represents the sample without the Nd(III) standard and Y represents the Nd standard. The absorbance ratio, RX, in the sample is expressed as
Equation (2) is substituted for Eq. (1), giving
When the cell pass length is L cm, using Lambert Beer's law the Nd(III) and Pu(VI) absorbances are shown as follows:
where CNd and CPu are the Nd(III) standard concentration and the Pu(VI) concentration in the sample, respectively; εNd and εPu are the molar absorptivity of Nd(III) and Pu(VI), respectively, and A.WNd and A.WPu are the atomic weight of Nd(III) and Pu(VI), respectively. Therefore, the Pu concentration is calculated from
Experimental Apparatus A JASCO V-550 UV-Vis spectrophotometer was used for the acquisition of spectrophotometric spectra. A flow-through type quartz cuvette with a 10-mm optical path length was installed in a shielded cell with a set of bundle optical fibers (core diameter, 230 μm; cladding diameter, 250 μm). A schematic diagram of the experimental system is shown in Fig. 1 . For validation analyses by IDMS, isotope abundance ratio measurements on the prepared sample were performed by thermal ionization mass spectrometry (TIMS) using a Finnigan MAT 262. 
Sample preparation
An HRLW sample solution containing solid precipitates, which is observed after the dissolution of spent fuel in nitric acid and contains Pu in metal oxides, 12, 13 was taken in a 50-mL flask, and a known amount of Nd(III) standard solution was added to the flask. To dissolve the solid precipitates, 2.0 mL of a mixed acid of HF (0.025 M) and HNO3 (8 M) was added into the flask, and the sample was then heated at 150˚C on a hot plate to near-dryness. The dried sample was maintained at room temperature for 5 min, and was re-dissolved in 3 M HNO3. Another aliquot without the Nd standard was treated with the same procedure for dissolving the solid precipitates. Plutonium in the HRLW sample was quantitatively oxidized to a hexavalent state by Ce(IV). 11 An oxidant of 2 mL Ce(IV) solution was added into each flask, and the solution was left standing for 5 min to oxidize Pu to Pu(VI). The sample was then diluted to 16 mL with 3 M HNO3. The diluted solution was filtered through a paper filter (TOYO No. 5C) to remove any insoluble fine residues prior to measuring the absorption spectrum.
Spectral measurement
A blank solution of 3 M HNO3 was measured to correct the baseline. The prepared sample solution was then introduced into the flow-through cell and was set to room temperature. The sample was measured from 780 -850 nm at a scan speed of 40 nm/min. The absorbance of the Pu(VI) peak around 830 nm and the Nd(III) peak around 795 nm were measured. All spectra were recorded at the same region mentioned above with a 5-nm slit width.
Reference method
IDMS as a reference method was chosen for validation of the proposed method. Two aliquots from a sample solution were spiked with 242 Pu. Another aliquot was also taken from the sample solution for isotopic analysis. The sample treatment for dissolving solid precipitates in the sample was carried out using the same procedure as described above. The separation of Pu was accomplished by passing the solution through an anion- exchange column (Bio-Rad AG1-X4, 100 -200 mesh). The Pu fraction was then loaded on an extraction chromatography TEVA column (Eichrom Industries, Darien, IL) to obtain a pure Pu fraction. 14, 15 The purified Pu fraction was evaporated and re-dissolved in 1 M HNO3 to yield a concentration of 1 mg/mL. Subsequent TIMS measurements were then carried out. The IDMS results were compared with those obtained by the proposed method.
Results and Discussion

Molar absorptivity ratio
Plutonium in HRLW was oxidized to Pu(VI) by the addition of Ce(IV) in a 3 M HNO3 medium containing Nd(III) and fairly large quantities of fission products. Figure 2 shows the typical absorption spectra of an HRLW sample with and without a Nd(III) standard, respectively. The absorption maxima of Pu(VI) and Nd(III) were determined at 830 nm and 795 nm, respectively. The molar absorptivity ratio of Pu(VI) to Nd(III), εPu/εNd, which is necessary to calculate the concentrations of Pu(VI) using Eq. (6), was experimentally determined by absorption measurements on a series of solutions with known concentrations of Pu(VI), ranging from 6.4 to 51.4 mg/L, and corresponded to Nd(III) standard solutions in the 3 M HNO3 medium. As shown in Fig. 3 , the measured absorbance ratios were plotted versus the known concentration ratios of Pu(VI) to Nd(III). It was found that a linear relationship existed with a correlation coefficient of 0.9998. The molar absorptivity ratio could be obtained from the slope of the relationship between the Pu/Nd concentration ratio versus the Pu/Nd absorbance ratio, which indicates the ratio εPu/εNd. The calculated coefficient ratio, εPu/εNd, was found to be 32.4 ± 1.1.
Determination of Pu in standard samples
To assess the analytical potential of the method, determinations were performed for a set of measurements of Pu in a HNO3 medium under the optimum conditions. A series of standard solutions ranging from 3.67 to 18.36 mg/L was prepared to demonstrate the proposed method. The analytical results are summarized in Table 1 . Although the difference between the found and taken values on the sample of the lowest concentration was relatively larger than others, this appears to result from the measurement uncertainty on spectrophotometry for such a sample with low concentration near the detection limit. Therefore, the fundamental performance of the method was basically proven on the Pu measurement in the HNO3 medium.
Determination of Pu in HRLW
Plutonium in a typical HRLW was analyzed by applying the proposed method to confirm the measurement precision. The result was compared with the absolute calibration method, which is one of the general techniques in spectrophotometry. In this experiment, the sample was filtered to remove solid precipitates because other factors, such as an error in the collection of a heterogeneous sample, should be excluded in any data evaluation. Table 2 gives a comparison of both methods. The relative standard deviation (RSD) of the proposed method in the within-day variation of repeated analyses (n = 5) of the HRLW sample was found to be 2.9%. On the other hand, the RSD obtained from the absolute calibration method (n = 5) was 4.7%. This result indicates that the proposed method has better precision for measuring Pu in complicated matrices. The detection limit of 3-times the standard deviation was found to be 1.8 mg/L (dilution factor = 8). The time needed to complete an analysis, including pretreatment of the sample, was about 4 h.
Validation analysis by IDMS
Validation analyses of HRLW samples from the field having 17 Their relative expanded uncertainties (coverage factor, k = 2) varied from 3 to 7% and 0.5 to 5% for the proposed method and IDMS, respectively.
Conclusions
An analytical method using a conventional spectrophotometer to determine the Pu concentration in HRLW at TRP was developed as an alternative method for on-site verification measurements. This method offers a relatively easy and rapid determination of Pu in HRLW, requiring neither significant effort nor a skilled operator. The proposed method brings significant simplification of the process of IAEA's inspection activities, without the transport of nuclear materials for off-site analysis. This approach greatly reduces the complexity and cost of analysis compared with IDMS, as it does not require any complicated procedure or expensive equipment. The proposed method with an authentication measure using a standard of Nd(III) was successfully applied for the rapid determination of independent safeguards analysis at TRP.
